The emergence of unconventional superconductivity is generally considered to be related with magnetic spin fluctuations. Unveiling the intriguing behaviours of magnetic spin fluctuations in mother compounds with layered transition metal ions may shed light on the search for exotic superconductors. Here, based on the framework of the first-principles calculations, we theoretically propose the LaCoSb2 as a candidate mother compound of cobalt-based superconductors, which is a weak antiferromagnetic layered metal but has an in-plane ferromagnetic order of 0.88 µB on Co sites. Importantly, this theoretical finding is supported by our magnetization measurements on polycrystalline samples of the LaCoSb2 experimentally. These results imply a possible p-wave superconductor hosted in the LaCoSb2, once the emergence of superconductivity locates in the vicinity of the verge of the ferromagnetic order, having potential applications in topological quantum computing in future.
The emergence of unconventional superconductivity is generally considered to be related with magnetic spin fluctuations. Unveiling the intriguing behaviours of magnetic spin fluctuations in mother compounds with layered transition metal ions may shed light on the search for exotic superconductors. Here, based on the framework of the first-principles calculations, we theoretically propose the LaCoSb2 as a candidate mother compound of cobalt-based superconductors, which is a weak antiferromagnetic layered metal but has an in-plane ferromagnetic order of 0.88 µB on Co sites. Importantly, this theoretical finding is supported by our magnetization measurements on polycrystalline samples of the LaCoSb2 experimentally. These results imply a possible p-wave superconductor hosted in the LaCoSb2, once the emergence of superconductivity locates in the vicinity of the verge of the ferromagnetic order, having potential applications in topological quantum computing in future.
Introduction.-The studies on the topological superconductors 1-3 have triggered enormous research interests during the recent years, ascribing to these systems hosted the Majorana quasiparticles 4 , which obey nonAbelian statistics and can be used to encode and manipulate quantum information in a topologically protected manner 5 . In solid state systems, the p-wave superconductors 6 or ν = 5 2 fractional quantum Hall states 7 are considered to exhibit Majorana quasiparticles. The first candidate chiral p-wave superconductor is Sr 2 RuO 4 evidenced by previous NMR measurements 8, 9 , which breaks the time-reversal symmetry 10 . However, a recent NMR measurement contradicts the previous finding ascribing to the heat-up effect in Knight shift in the NMR experiments 11, 12 . Alternatively, a prominent theoretical study predicts the appearance of Majorana bound states at the interface between a topological insulator and a conventional superconductor 13 . A generic theory without any topological insulator is also proposed that considering the combination of Rashba spin-orbit coupling and Zeeman effect as well as the proximity effect from an s-wave superconductor in a two-dimensional metal will induce an effective p-wave superconductor 14 . Experimentally, the indictions of Majorana bound states have been reported in various systems, including the indium antimonide nanowires in contact with the superconductor 15, 16 , at the edges of a chain of iron atoms formed on the surface of superconducting lead 17 , quantum spin liquids 18 , and a quantum anomalous Hall effect/supercondctor hybrid device 19 , as well as iron-based superconductors 20 . In this Letter, we theoretically propose the LaCoSb 2 as a possible candidate topological superconductor that once the superconductivity locates in the vicinity of the verge of ferromagnetic (FM) order on CoSb layer. LaCoSb 2 21 shown in Fig. 1(a) has a similar crystal structure to the 112-type iron-based superconductors 22, 23 . Similar to the electronic properties of layered iron-based superconductors 24, 25 , the conducting electrons mainly come from the contribution of Co 3d states partially hybrided with Sb 5p states on CoSb layer of LaCoSb 2 . Previous first-principles calculations demonstrate that the nonmagnetic (NM) state of LaCoSb 2 displays a behavior of high-symmetry line semimetal 26 . Surprisingly, the monolayer films of CoSb have been successfully grown on SrTiO 3 (001) substrates by molecular beam epitaxy, and observed symmetric superconducting gap around the Fermi level with coherence peaks at around ± 6 meV by in situ scanning tunneling spectroscopy 27 , which is three times smaller compared with monolayer films of FeSe on SrTiO 3 (001) substrates 28 . Furthermore, the ex situ magnetization measurements demonstrate the superconducting transition temperature of T c ≈ 14 K for CoSb/SrTiO 3 . It is also worth pointing out that the presence of a weak net FM moment in CoSb/SrTiO 3 has been observed in the magnetization as a function of magnetic field, although they explain the nature of FM contribution from the tellurium capping layer 27 . Interestingly, our first-principles calculations find a weak antiferromagnetism but an in-plane FM order of 0.88 µ B on Co sites to be the groundstate for LaCoSb 2 . Additionally, our magnetization measurements confirm the presence of antiferromagnetic (AFM) order in LaCoSb 2 with the magnetic moment of 0.78 µ B experimentally, in good agreement with the theoretical findings. Thus, LaCoSb 2 becomes a candidate mother compound of cobalt-based superconductors, when the charge carriers are gradually introducing into the mother compound, such as the holelike carriers, the FM order is suppressed monotonously and the superconductivity emerges in the vicinity of the verge of the FM order, making the LaCoSb 2 to be a possible p-wave superconductor.
The First-Principles Calculations.-The calculations in this work are performed using the all-electron full potential linear augmented plane wave plus local orbitals (FP-LAPW+lo) method 29 as implemented in the WIEN2k code 30 . The exchange-correlation potential is calculated using the generalized gradient approximation as proposed by Perdew, Burke, and Ernzerhof 31 . Since the spin-orbit coupling strength is proportional to Z 4 (where Z is the atomic number; Z = 51 for Sb) 32 , the spin-orbit coupling is nonnegligible for the heavier atoms compound of the LaCoSb 2 . Therefore, the spin-orbit coupling is included with the second variational method throughout the calculations. Furthermore, a 1000 kpoint is chosen to ensure the calculation with an accuracy of 10 −5 eV, and all structures (lattice constants as well as internal coordinates) are performed using the values of experimental crystal structure 21 shown in Fig. 1(a) .
Firstly, we focus on the NM state behaviour of LaCoSb 2 , which means no spin polarization is allowed on the Co ions in the calculations. Such a study can provide a reference for inspecting that the magnetization state is favorable. Fig. 1(b) shows the electronic energy band structure of NM state for LaCoSb 2 , which has much more complicated electronic dispersive features than that for the 112-type iron-based superconductor 22 . In contrast to the five bands across the Fermi level in iron-based superconductors, there are only three bands across the Fermi level for the cobalt-based material of LaCoSb 2 . The Fermi surface topologies are shown in Fig. 1(d)-(f) . Verifying the orbital characteristics of the energy bands at around the Fermi surface, we notice the prominent contributions stemming from the Co d xy and d z 2 orbitals. From the viewpoint of crystal field theory 25 , the Co ions are coordinated by the Sb tetrahedron, and the crystal field will normally split the five Co 3d orbitals into the low-lying twofold e g (d xy and d z 2 ) orbitals and up-lying threefold t 2g (d xz , d yz , and d x 2 −y 2 ) orbitals opposite the octahedral case. However, when taking the Coulomb interaction into account, the actually instance by analyzing the orbital dependent energy band structure is opposite that we expect from a simple tetrahedra crystal field: the low-lying manifold is threefold (t 2g ) and the up-lying manifold is twofold (e g ). For the Co 3+ ion, the nominal number of 3d electrons is 6, the low-lying d xz and d yz orbitals are nearly fully occupied, and leave the d xy and d z 2 orbitals to be partially occupied due to the strong Hund's coupling effect. Since the atomic radii of Sb is much large, it drives the enhancement of the interlayer covalent bonds, as a result of the strong three dimensionality of Fermi surface topologies shown in Fig. 1(e) and (f). Additionally, it is interesting to point out that there is an electron-like pocket with nearly cylindrical shape located at around the M point shown in Fig. 1(d) , suggesting a strong two-dimensional behavior, similar to the electron pocket in 112-type iron-based superconductor 22 . Furthermore, previous first-principles calculations have demonstrated that the band structure of NM state for LaCoSb 2 displays a behavior of high-symmetry line semimetal 26 , in consistent with our present calculations.
The calculated density of states (DOS) and the projected DOS (PDOS) on Co 3d and Sb 5p orbitals of LaCoSb 2 are shown in Fig. 1(c) . It can be seen that To explore the groundstate with magnetic ordering of LaCoSb 2 , we have calculated four different possible magnetic ordering states in the Co layer with FM, Néel-AFM, and A-type AFM (A-AFM) 34 orders, as well as collinear AFM (c-AFM) order (align FM order along a direction and AFM order along the other direction in the Co-Co square lattice layer, similarly to that in LaOFeAs 35, 36 ). The corresponding total energies of various magnetic ordering states are listed in Table I . It is shown that an A-AFM order with the FM ordered in Co layers and AFM ordered in between Co layers is the lowest energy state for LaCoSb 2 . The calculated magnetic moment is 0.88 µ B on Co atoms.
The calculated low energy band structure and the corresponding total DOS and the PDOS on one of the Co 3d and Sb 5p orbitals, as well as the orbital resolved PDOS on Co 3d states, given the A-type AFM ordering state in LaCoSb 2 are shown clearly in Fig. 2 . Compared with the NM state shown in Fig. 1 , we find that most of the states around the Fermi level are gapped by the A-AFM order. The corresponding electronic DOS at the Fermi level is N (E f ) = 0.45 states per eV per Co atom, which is significantly less than that of the NM state (2.28 states per eV per Co atom), as is intuitively expected. Furthermore, the calculated orbital dependent PDOS in Fig. 2(c) suggests the electrons with Co 3d xy and 3d z 2 orbitals mainly contributing to the conducting electron. This result is also consistent with our aforementioned discussion within the framework of crystal field theory. Clarifying the role of the magnetic spin fluctuations may further provide an insight into concerning the mechanism of superconductivity that is possibly driven by electronelectron correlation. In order to quantify the magnetic interactions for revealing microscopic spin fluctuation effects on LaCoSb 2 , we consider a phenomenological theoretical Heisenberg model on the Co atoms as follows 37 :
where S is the magnitude of Co spin. The i, j and i, j denote the summation over the nearest neighbor and next-nearest neighbor sites, respectively. The parameters J 1 and J 2 describe the nearest neighboring and next-nearest neighboring intralayer exchange interactions, respectively, and J ⊥ denotes the nearest neighboring interlayer exchange interaction. From the calculated energy data for various magnetic configurations in Table I , the magnetic exchange couplings J 1 = −19.33 meV, J 2 = −1.26 meV, and J ⊥ = 0.41 meV are found for LaCoSb 2 , suggesting the FM order in the Co layer and the weak AFM order along the interlayer of Co. The strong FM order occurs in intralayer mainly originating from the superexchange interaction with strong Hund's coupling mediated by Sb 5p orbitals 38 . Importantly, it is worth pointing out that the FM order on CoSb layer has also been observed by magnetization measurements in monolayer films of CoSb grown in SrTiO 3 substrates by molecular beam epitaxy, although they explain the nature of FM contribution from the tellurium capping layer 27 . Furthermore, we also provide our experimental measurements in the following section to further solidify the theoretical prediction of the presence of the magnetic ordering in the bulk system of LaCoSb 2 .
Experimental measurements.-We experimentally synthesized the LaCoSb 2 polycrystalline samples by an arc-melting method as described in the previous literature 21 , whose the crystal structure is shown in Fig. 1(a) , to verify the theoretical findings of the magnetic ordering in the bulk system of LaCoSb 2 . In Fig. 3(a) , we show the electric transport measurements on the LaCoSb 2 as a function of the temperature using the Physical Property Measurement System (PPMS DynaCool) made by Quantum Design. The electric resistivity decreases monotonously with cooling temperature, indicating a typical metallic behavior of LaCoSb 2 . This experi- mental measurement is in good agreement with our firstprinciples calculations shown in Fig. 2 . Additionally, it is interesting to point out that the magnitude of electric resistivity is about 1-2 orders lower than the iron-based superconductors 39 . Furthermore, we also measure the magnetic susceptibility of the LaCoSb 2 as a function of the temperature using the magnetic property measurement system (Quantum Design MPMS3), which displays a monotonous increase with cooling temperature, shown in Fig. 3(b) . This behavior is fitted by a generalized Curie-Weiss law 40 ,
where χ 0 is a positive constant corresponding to the temperature-independent Pauli contribution of the electron gas. The fitting curve is given in Fig. 3(b) as shown by the red solid line, indicating a good quality of CurieWeiss fitting. Through the Curie-Weiss fitting, the obtained θ value is -2.9 K. The negative value of θ suggests an AFM coupling in LaCoSb 2 . From the fitting value of C = 382 emu·K/mol, we derive the effective magnetic moments µ ef f =0.78 µ B on Co sites of LaCoSb 2 , which is consistent with the theoretical prediction qualitatively, but has a bit smaller value than the theoretical one (0.88µ B ) in quantity. This is because that the difference between the theoretical and experimental finding may originate from the the polycrystalline sample of LaCoSb 2 in experiments. Therefore, these experimental findings further solidify the theoretical prediction of the weak AFM ordering in interlayers and FM ordering within each layers in LaCoSb 2 .
Conclusion.-Using the first-principles calculations, we systemically study the electronic and magnetic structures of LaCoSb 2 in theory, and propose a weak AFM ordering metal with the FM order in CoSb layers for the LaCoSb 2 . This theoretical finding is further supported by our magnetization measurements on the synthesized polycrystalline samples of the LaCoSb 2 in experiments. These results suggest the LaCoSb 2 as a possible candidate mother compound of cobalt-based superconductors, once the FM order suppresses and the superconductivity emerges as gradually introducing the charge carries into the systems, such as the hole-like carriers. Since the emergence of the superconductivity locates in the vicinity of the verge of the FM order, it makes the doped LaCoSb 2 to be a possible p-wave superconductor having the potential applications in topological quantum computing in future.
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